Abstract: This work presents how advanced process control can improve energy efficiency of an industrial plant employed to production of low density polyethylene. First, using industrial data, a phenomenological-based model is developed to infer temperature and component concentrations profiles along high-pressure autoclave reactor where polymerization occurs. Then, an advanced control strategy based on feedback linearization technique is proposed for automatic control of reactor variables. Besides promoting operational safety and productivity improvements, use of advanced control strategy allows the operations of autoclave manipulated variables closer to their constraints and, consequently, a remarkable reduction in energy consumption associated to the process is obtained. 
INTRODUCTION
Low Density Polyethylene (LDPE) is produced commercially in autoclave or tubular reactors in high pressure conditions. Particularly in processes in which autoclave is employed, focus of this work, operating conditions are severe within the reactor: pressure around 2x10 8 Pa and temperatures ranging from 200 to 300 ºC. A large variety of LDPE grades is usually produced from a single reactor line, where ethylene is polymerized through free-radical mechanism in the presence of different initiators, typically, peroxides (Sund and Lien, 1997) .
In this work, the possibility of improving energy efficiency of a LDPE autoclave process is studied by means of advanced process control (APC). APC solutions play an important role in polymer industries when objective is reducing cost and improve profitability, generally offering payback in less than a year. Significant benefits include increasing yields, reducing energy and raw material usages, improving product quality, plant stability and safety (Zavala and Biegler, 2009; Noor et al., 2010) . However, probably due to severe operation conditions and intellectual property protections, the number of reports in literature describing implementation of APC applications for LDPE autoclave in industrial scale is significantly reduced (Singstad, 1992; Embiruçu et al., 1996; Qin and Badgwell, 2003) .
Using kinetic mechanisms described in literature for free radical polymerization in high-pressure autoclave reactors, a mathematical model is presented in this work for inference of temperature and concentrations dynamics along reactor sections. Model results are compared with data from an industrial reactor. The numerical model is used in proof of concept of an APC strategy proposed here based on feedback linearization technique (Khalil, 1995) . Finally, possible process improvements regarding to energy efficiency due to APC strategy are discussed.
Process and Reactor Descriptions
The process here studied is part of a BRASKEM Polyethylene Unit located at city of Santo André, São Paulo state, Brazil. The plant consists of two identical production lines, both equipped with autoclave reactors. A variety of LDPE grades and/or Ethylene Vinyl Acetate (EVA) copolymers can be produced depending on reactor conditions, such as pressure, temperature profile, peroxides, modifiers, etc. A simplified process flow diagram is depicted in Fig. 1 . The ethylene supplied to the plant is compressed in two sequential compressors until a suitable delivery pressure to the reactor, which can vary from 1.3x10 8 to 2x10 8 Pa depending on LDPE grade in production (Chan et al., 1993) . The compressed monomer and organic peroxides (also called initiators) are injected into the autoclave reactor. The unconverted ethylene and polymer (LDPE) leave autoclave through its bottom and are separated in two stages. The polymer leaving the second separator is a liquid melt. It is fed through an extruder, where is cooled and cut into solid pellets for storage. Fig. 2 shows a sketch of the autoclave reactor (due to confidentially, specific details about reactor design are not presented). It is a continuous, stirred reactor with multiple feed points. The stirrer is designed to promote a specific degree of mixing along reactor and naturally divides autoclave into Ns sections or zones. In each of these sections there is a temperature measurement, which must follow a reference value defined according LDPE grade in production. Ethylene is injected into reactor through Nf feed lines distributed along reactor sections and their feed rates are manipulated by control valves (splitters). All Nf feed lines are connected to the same manifold from the second compressor. The initiator is pumped into reactor through Nc independent lines also distributed along reactor sections. 
Mathematical Model Review
The mixing pattern in industrial LDPE autoclave reactors tends to be of recirculating nature, with a descendent flow near reactor wall and ascending in its bulk. Besides the effect promoted by stirrer, the multiples zones inside reactor also occur due to different feed lines of monomer and initiator distributed along autoclave (Marini and Georgakis, 1984) .
A schematic diagram of the proposed mixing model is presented in Fig. 3 . The reactor model was developed based on the one proposed by Chan et al., 1993. As is showed in figure, each reactor zone consists of one region of perfect mixture (CSTR model) and one of imperfect mixture (PFR model). To avoid solving partial differential equations, each PFR is approximated by Np CSTR's in series. According Fig.  3 , there is a recycle stream of the main CSTR of section j to main CSTR in previous section (j-1). Considering a homogenous and adiabatic system, operated at constant pressure, the molar balance of a generic specie G takes the form as in (1) and the energy balance is described by (2) for each CSTR k of section j. The letter G in (1) can be replaced by M for monomer (ethylene), I for initiator (organic peroxide) or P for polymer. Note that the polymers of different chain lengths are lumped here as a single pseudocomponent P: total moles of polymer. The same approach was employed for free radicals R.
In (1) 
In (2) Numerous researches have observed that kinetic mechanism for LDPE autoclave reactor is based on free radical polymerization kinetics (Marini and Georgakis, 1984; Zhang et al., 1996) . In this work were considered the steps of initiation (k
The kinetic rate equations are presented in (3) to (5). Since the hypothesis of pseudo-steady state is adopted for free radical kinetics, the algebraic expression in (6) is used for calculating the concentration R k j C , .
Simulation of Mathematical Model and Results
The dynamic mathematical model comprises a large set of ordinary differential equations (ODE), which size is dependent of number of Np chosen volume elements for each section. The model was written in FORTRAN language and ODE set was solved using DASSL algorithm (Petzold, 1983) .
Model parameters were fitted using industrial reactor data. The fitting procedure consisted of finding the set of parameters that describe the temperature profile (measured variable) in each section. Due to the large number of local minima, a trial and error procedure was used in which parameters values reported in literature were modified with manual adjustments until a satisfactory result was obtained for model predictions of temperatures.
The fitted kinetic parameters are listed in Table 1 and their values are close to the ones reported in literature (Zhang et al., 1996; Wells and Ray, 2005) . Due to confidentially, the other parameters fitted to the model will not be presented. Nonetheless, several articles list typical values for the simulation of studied reactor: Chan et al., 1993; Ham and Rhee, 1996; Lee et al., 2000 . 
-
Model results and industrial sampled data for temperature are compared in Fig. 4 . The ODE set results in a complex nonlinear mathematical model with coupled equations and correlated parameters of different natures (kinetics, mixture, energy, mechanical design, etc.). Even so, the model can describe with relative accuracy the temperature dynamics in reactor zones during polymerization, making its use feasible for proof of concept of APC strategy. 
ADVANCED PROCESS CONTROL
The temperatures in different reaction zones are likely to be the most important variables in a LDPE autoclave reactor. The traditional control strategy consists of manipulating the initiator feed rates to control the temperature of a specific zone, while the monomer feed rate is controlled manually. Since the number of reaction zones is normally larger than the number initiator inlets, there are several temperature zones which are controlled manually.
In order to develop a strategy which ensures that every single reaction zone temperature is controlled, the APC controller presented in this section is proposed.
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Fig. 5. Model predictions for molar concentrations during polymerization

APC Strategy
The proposed APC strategy is based on the work of Singstad, 1992 , who implemented an APC derived from feedback linearization (FL) technique for LDPE autoclave reactors of INEOS Polyolefins plant located in Bamble, Norway. However, for reasons of industrial confidentiality, many details of implementation were omitted by the author. The choice of FL technique was also guided by the fact that other applications for LDPE reactor using APC found in literature reported numerical tests using process models but no implementation in industrial scale reactor. This guidance implied that different control techniques, such as linear MPC, were not analyzed in this work. It is important to emphasize, however, that no restriction has been found in using different APC strategies, to control a LDPE autoclave reactor.
The intent of FL strategy is to control temperature in each section of the reactor from the modulation of the monomer and initiator flow rates. Based on a dynamic model of the autoclave reactor, the flow rates are calculated by FL in order to ensure the closure of reactor energy balance. Unlike APC supervisory strategies, particularly the ones based in MPCtype controllers (Camacho and Bordons, 2004) , FL strategy can run on the same level of regulatory control, which opens the possibility of further implementation of a top-layer supervisory control focusing, for example, on controlling the product quality.
The basis of FL strategy consists in describing autoclave energy balance in a simplified form proposed by Singstad, 1992 , written as (7). The equation derives from a more general approach for energy balance equation formulated by Denn, 1986 .
In (7), t M refers to a diagonal matrix with mass of each autoclave section;  refers to the ratio between heat capacity at constant pressure and constant volume;  refers to vector of temperature profile; w B refers to a matrix with parameters related to recycles between reactor zones; f w refers to vector of monomer flow rates; H refers to a matrix related to heat of reaction; and r refers to vector of reaction rates.
A proceeding to perform an on-line calculation of the w B matrix is presented in Singstad, 1992 , as well as a note describing that, during the implementation this matrix was calculated offline, using the temperature set-point values. As long as there is no update on the matrix value, this matrix was considered as a tuning parameter of the control algorithm.
The monomer flow rates (manipulated variables) are then obtained rewriting (7) according to:
For calculation of heat of reaction matrix H and reaction rate vector r the following assumptions were considered by Singstad, 1992: -The propagation step is the dominant kinetics during polymerization; -In a broad sense, the total heat generated by the propagation reaction and, therefore, the heat of reaction, is proportional to mean length value of polymeric chains ( N ); -The propagation reaction rate is proportional to initiator flow rate and independent of monomer flow rate (even though both initiator and monomer take part in the polymerization reaction, this assumption is valid because the monomer conversion rate is approximately 20%, while the initiator conversion must be 100%, for safety reasons) ; -The dynamics related to injection of initiator in autoclave can be neglected.
Under these hypotheses, the term H(θ)r in (8) can be replaced by:
After application of (10), vector f w will not necessarily ensure the closure of reactor energy balance. This residual energy demand resulting from the difference between "ideal" monomer flow rates (w f ) and their corrected values ( f w ) are then compensated by initiator according (11):
In (11), L refers to a matrix related to autoclave topology; 1  and 2  refer to tuning parameters; and * w refers to a correction term for pressure deviation in the manifold.
Equation (11) is the proposal of this work for the correction of residual energy demand with initiator flow rates (w I ). Since in (9) the initiator flow rates calculated in the last APC iteration are employed for calculation of monomer flow rates in the current APC iteration, an incremental approach was considered for w I in (11), in order to prevent abrupt fluctuations in control actions, that is, initiator and monomer flow rates calculated by APC.
Although equation (11) creates a controller with a structure slightly different from the traditional FL controller, it is important to notice that equation (10) introduces a constraint in the value of the manipulated variables. Equation (11) can be seen as an additional control law introduced to handle with a constraint which was not taken in account by equations (8) and (9). Table 2 presents a summary of variables used in FL control strategy. It is important to note that equality Ns = Nf + Nc is observed. 
APC Proof of Concept
In order to evaluate the performance of the proposed FLbased controller, a numerical simulation is presented to illustrate the APC capability to reject disturbances. The mathematical model described in previous section emulated the plant responses. The numerical essay simulated a transitory heating of the stirrer motor located in top section of autoclave. The operation of reactor with APC is simulated during 30 minutes according to the following events:
-From the beginning of the essay until the first 400 seconds, the operation of reactor is in steady state;
-At time 400 seconds, a fault causes the rising of motor temperature, adding 1 ºC to temperature of autoclave top section every 0.5 seconds;
-At time 800 seconds, the fault is resolved (without stopping the polymerization) and the APC must conduct operation of reactor back to its steady state. Fig. 6 shows the temperature profiles during simulation for the top and bottom sections of autoclave. The APC algorithm was implemented in FORTRAN language. Analyzing the profiles during the test is possible to observe that APC can control temperature during disturbance and gradually reduced the offset between measurements and set-points. Moreover, it's observed that APC manipulates both initiator and monomer flow rates during simulation (Fig. 7) . After development of mathematical modelling and proof of concept of APC strategy through numerical simulation, estimated process gains related to APC are presented in this section. It is important to mention that these estimated process gains are not directly obtained from the results presented on sections 2 and 3. However, the proof of concept presented section 3, showed that it is possible to operate the plant with different steady state conditions. Based on new conditions, the gains presented in this section were calculated.
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The first gain is related to fundamental of an APC strategy: reduction in process variability and, consequently, operation of process variable closer to the specification. The APC algorithm will allow temperature control in each section of reactor closer to its set-point value, reducing consumption of organic peroxide in approximately 9.48% per year when compared to the current control strategy.
The other two quantitative gains are associated to a better control provided by APC of valve openings (splitters) used for distribution of monomer feed along autoclave reactor, which will be done by the controller, allowing the operation in a distribution of valve openings with a lower pressure drop associated.
Due to Joule-Thomson effect, the adiabatic expansions of ethylene while passing through the splitters cause an increase in monomer temperature. The higher the pressure drop in the valve, the higher the monomer temperature. Through an empirical equation used by engineers of the analyzed plant, it is known that the lower the temperature of the monomer feed, that is, the lower the pressure drop, the higher is the conversion obtained during the polymerization reaction. In this scenario, the reduction in pressure drop promoted by APC will produce an increase of 0.64%/year in reactor conversion.
The possibility of operating the splitters with lower pressure drops also results in an improvement in process energy efficiency. Actually, this is the most important gain obtained with APC algorithm in this process. The second compressor illustrated in Fig. 1 is a hyper compressor (high-pressure reciprocating compressor) that delivers compressed ethylene to feed reactor. Since all Nf feed lines are connected to the same manifold (see Fig. 2 ), the power consumption of compressor during monomer discharge is directly related to pressure drop caused by splitter valves. Since an optimum distribution of valve openings causes a minimum pressure drop and hence a minimum energy consumption in compressor during its discharge. Due to high-pressure values ranging from 1.3x10 8 to 2x10 8 Pa depending on LDPE grade in production, is estimated that APC strategy will reduce the power consumption of hyper compressor in 36.88% per year. Table 3 summarizes the estimated process gains expected from further implementation of APC algorithm. 
CONCLUSIONS
The results presented in this work were part of the conceptual phase of an engineering project. Since proof of concept of APC strategy demonstrated its technical feasibility and estimated process gains were justified, the continuity of the project is scheduled for the future years according LDPE company plan. The results describing APC implementation, commissioning and related process improvements will be further reported.
